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ABSTRACT Effects of the synergists piperonyl butoxide (PBO) and S,S,S-tributyl phosphorotri-
thioate (DEF) on propoxur pharmacokinetics were examined in the German cockroach, Blattella
germanica (L.). Treatment of adult male German cockroaches with the cytochrome P450 mono-
oxygenase inhibitor, PBO, or the esterase inhibitor, DEF, increased propoxur toxicity by 2- and
6.8-fold, respectively, implicating hydrolysis as a major detoxiÞcation route of propoxur in the
German cockroach. However, signiÞcant hydrolytic metabolism could not be demonstrated con-
clusively in vitro resulting in a conßict between in situ bioassay data and in vitro metabolic studies.
In vitro propoxurmetabolismwithNADPH-fortiÞedmicrosomes produced at least ninemetabolites.
Formation of metabolites was NADPH-dependent; no quantiÞable metabolism was detected with
cytosolic fractions.However,microsomal fractions lacking anNADPHsource did produce a low, but
detectable, quantity of metabolites (1.6 pmol). PBO inhibited NADPH-dependent propoxur me-
tabolism in a dose-dependent fashion, implicating cytochrome P450monooxygenases as the enzyme
system responsible for the metabolism. Interestingly, DEF also inhibited the NADPH-dependent
metabolism of propoxur, albeit to a lower extent. Treatment with PBO or DEF also caused a
signiÞcant reduction in the cuticular penetration rate of propoxur. The data demonstrate that
unanticipated effects are possible with synergists and that caution must be exercised when inter-
preting synergist results.

KEY WORDS Blattella germanica, German cockroach, propoxur metabolism, pharmacokinetics,
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INSECTICIDE SYNERGISTS ARE powerful research tools for
diagnosing resistance mechanisms, determining the
conformationof target sites, andelucidatingmetabolic
routes (Bernard and Philogène 1993). The synergists
piperonyl butoxide (PBO)and S,S,S-tributyl phospho-
rotrithioate (DEF) have been used routinely in insect
toxicological bioassays to provide a preliminary as-
sessment of the contribution of detoxiÞcation enzyme
systems such as mixed function oxidases and general
esterases in insecticide resistant insects, respectively
(Metcalf 1967, Bernard and Philogène 1993). How-
ever, occasionally synergists do not act as intended or
expected and conclusions drawn from synergist bio-
assays are suspect until additional experiments are
performed to conÞrm the results (Scott 1990).
The most common unanticipated effects from syn-

ergists are inhibition of an unintended enzyme (Scott
1990, Valles et al. 1997) and alteration of cuticular
penetration rate of the insecticide (Sun and Johnson
1972, Bull and Pryor 1990, Kennaugh et al. 1993, Gun-

ning et al. 1995). Although inhibition of nontarget
enzyme systemshasbeen reported(Valles et al. 1997),
this effect typically occurs by non-speciÞcity at com-
paratively high synergist concentrations (Scott 1990).
Conversely, synergist-induced alterations in cuticular
penetration rate have been reported frequently. The
Þrst demonstration of synergist-induced alterations in
insecticidepenetrationwas reportedbySunand John-
son (1972). They warned that some synergists cause
synergism solely by an acceleration of insecticide
across the cuticle. This effect was termed quasi-syn-
ergism. Similarly, Gunning et al. (1995) reported that
the rate of penetration of esfenvalerate was increased
in the presence of PBO inHelicoverpa armigera (Hüb-
ner). In contrast, Bull and Pryor (1990) reported that
the cuticular penetration rate of fenvalerate de-
creased in the presence of PBO or DEF in house ßies
(Musca domesticaL.). A similar conclusionwas drawn
by Kennaugh et al. (1993) who demonstrated that
although permethrin resistance in a strain of Helicov-
erpa armigera (Hübner) could be eliminated with
PBO, no evidence for increased permethrin detoxiÞ-
cation in the resistant strain could be found. They
suggested that a cytochrome P450 was involved in the
process of permethrin penetration through the insect
cuticle.
Synergists, such as PBO and DEF, have been used

widely against the German cockroach to assess the
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contribution of metabolic insecticide resistance
mechanisms. However, the effects of these synergists
on insecticide pharmacokinetics (especially cuticular
penetration) have not been fully explored in this spe-
cies. Our objective was to examine the ability of the
synergists, PBO and DEF to provide an accurate as-
sessment of the metabolic route of propoxur in the
German cockroach.

Materials and Methods

Insects. German cockroaches used throughout this
study were originally collected from an infested in-
stitutional kitchen and cafeteria in Marietta, GA, in
1992 (Valles and Yu 1996a). Cockroaches were fed
rodent diet # 5001 (PMI Feeds, St. Louis, MO). The
colony was reared and maintained as described by
Koehler and Patterson (1986) at 26�C, 50% RH, and a
photoperiod of 12:12 (L:D) h.

Chemicals. Technical grade propoxur andDEFwere
purchased fromChemService (WestChester, PA).Glu-
cose-6-phosphate, glucose-6-phosphate dehydrogenase,
nicotinamide adeninedinucleotide phosphate (NADP),
ethylenediaminetetraacetic acid (EDTA), dithiothreitol
(DTT), and phenylmethylsulfonylßuoride (PMSF)
were purchased from Sigma (St. Louis, MO). PBO and
1-phenyl-2-thiourea (PTU)were obtained fromAldrich
(Milwaukee, WI).
[14C]Propoxur with radiocarbon in the ring posi-

tion (speciÞc activity 23.5 mCi mmol�1) was puriÞed
using two-dimensional thin-layer chromatography
(TLC) plates (silica gel 60; Merck, Darmstadt, Ger-
many) using hexane:ethyl acetate:ethanol (35:6:5 by
volume) for the Þrst dimension chromatogram. After
drying, the plates were developed in the second di-
mensionusingbenzene: ethyl acetate(6:1byvolume).
The plates were exposed to Biomax MR-2 Þlm (East-
man Kodak, Rochester, NY) for 3 d at �80�C.
Propoxur was scraped and subsequently eluted from
the silica gel with acetone. Purity was veriÞed by TLC
using propoxur standard (20 �g). [14C] Propoxur and
the propoxur metabolites, 2-isopropoxyphenyl N-hy-
droxymethyl carbamate, 2-isopropoxyphenyl carbam-
ate, 2-hydroxyphenyl N-methyl carbamate and 2-iso-
propoxyphenol were supplied by Bayer (Kansas City,
MO).

Insecticide Bioassays. Adult male German cock-
roaches (7Ð14 d old) were anesthetized with CO2 and
treated topically with propoxur and synergists dis-
solved in acetone. The propoxur solution (1 �l) was
applied to the Þrst abdominal sternite. At least Þve
different concentrations that caused �0% and �100%
mortality were used. At least three replications con-
taining 10cockroachesperdose (concentration)were
conducted. PBO (100 �g per cockroach) or DEF (30
�g per cockroach) was applied to the Þrst abdominal
sternite 1hbeforepropoxur application.Mortalitywas
recorded 24 h after treatment and cockroaches were
considered dead if unable to right themselves in 15 s
after being turned onto their dorsum.

Propoxur Penetration. Studies were conducted to
determine how synergists might affect the rate of

propoxur penetration. Insecticide penetrationwas de-
termined by a method modiÞed from Argentine et al.
(1994). Cockroaches were treated topically with ra-
dioactive propoxur for varying periods of time. To
assess penetration and in vivo metabolism, propoxur
and metabolites were quantiÞed from the external
surface of the cockroach, the excreta (excreted) and
from within the cockroach (internal). A sublethal
dose of [14C]propoxur (10,000 dpm, 0.04 �g) was
applied to the Þrst abdominal sternite of adult males
(7Ð14 d old) in one �l of acetone. The cockroaches
were dried brießy with gentle fanning, then placed
individually into 20ml glass scintillation vials for vary-
ing periods of time (15, 30, 60, and 120min). After the
speciÞed time, two treated cockroaches were placed
together into 5 ml of acetone and swirled gently for
15 s. This extraction process was repeated and the
acetone extractions combined. For the 0 time point,
treated cockroacheswere extracted immediately after
insecticide application by placing them directly into a
scintillation vial containing 5 ml of acetone. Recovery
from 0 time point cockroaches was considered 100%
for subsequent extractions.
Internal propoxur was determined by homogeniz-

ing the solvent-rinsed cockroaches with a motor-
driven Teßon pestle and glass mortar in 4 ml of ace-
tone. The homogenate was then centrifuged at 500 �
g for 3 min. The supernatant was removed by sero-
logical pipette and placed into a 20-ml scintillation
vial. The extraction procedure was repeated two ad-
ditional times and the extracts combined.

In Vivo Propoxur Metabolism. Production of me-
tabolites from cockroach excreta was determined by
adding8mlof acetone to theholdingvials and spotting
an aliquot of the extract on TLC plates. Three repli-
cates of each time interval were conducted.
Propoxurandmetaboliteswere identiÞedandquan-

tiÞed from a 2.5 ml aliquot of the extraction solution
(internal, external, and excreta). The aliquot was
transferred to a 15 ml conical centrifuge tube and
taken to dryness under a gentle stream of nitrogen.
The remaining extract was counted by liquid scintil-
lation spectrometry. The aliquot was resuspended in
100 �l of acetone, vortexed for a few seconds, and
spotted onto a ßuorescent 5 by 20-cm silica gel TLC
plate (250 �m, Merck, Darmstandt, Germany). The
tubeswere rinsed three additional timeswith 100�l of
acetone, which was also spotted onto the TLC plate.
The plates were developed twice in hexane:ethyl ac-
etate:ethanol (35:6:5 by volume) as described by
Shrivastavaet al. (1969).Afterdrying for4h, theplates
were exposed to Biomax MR-2 Þlm (Eastman Kodak,
Rochester, NY) for 10 d at �80�C.
IdentiÞcation of metabolites and propoxur were

made by comparing the positions of unknown auto-
radiographic bandswith knownmetabolites underUV
light. Propoxur was scraped from the TLC plate and
quantiÞed by liquid scintillation spectrometry. The
metabolites were scraped from the TLC plate, com-
bined and quantiÞed by liquid scintillation spectrom-
etry. The total radioactivity was determined by sum-
ming the radioactivity present on theTLCplate, in the
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aqueous fraction, and in the remaining extract. The
liquid scintillation counter was a Packard model 4530
(Downers Grove, IL) with 95% efÞciency for 14C.
Metabolismwas expressed as a percentage of the total
recovery of radioisotope. A quench curve was estab-
lished with an extended series of quenched samples
andused for all radioactivityquantiÞcations.All values
were converted to disintegrations per minute (dpm).

In Vitro Propoxur Metabolism. In vitrometabolism
of propoxur was studied using a method described by
Valles et al. (2000) usingmicrosomal enzymes derived
from the thorax and abdomen of adult males (7Ð14 d
old) of the Marietta strain of German cockroach. For
microsomes preparation, adult males were decapi-
tated, then cut with scissors to remove the last three
abdominal segments. The entire alimentary canal was
gently removed fromtheposterioropeningandplaced
into iced-cold 1.15% KCl. The contents of the foregut
and midgut were removed by teasing open the tissues
longitudinally with Þne forceps to minimize detoxiÞ-
cation enzyme inhibition by liberated digestive pro-
teins (Valles and Yu 1996b). The tissues were recom-
bined (less the head) and homogenized for 30 s in a
protected buffer (0.1 M sodium phosphate, pH 7.5,
containing 10% glycerol, 0.1 mM DTT, 1 mM EDTA,
onemMPMSF, and 1 mMPTU) using a motor-driven
Teßon pestle and glass mortar.
The homogenate was Þltered through two layers of

cheesecloth, then centrifuged at 10,000 � gMax. The
supernatant was Þltered through glass wool and fur-
ther centrifuged at 105,000 � gMax for 1 h. The result-
ing pellet (microsomes) was rinsed and suspended in
0.1 M sodium phosphate buffer, pH 7.5. The above
procedures were performed at 0Ð4�C.
When oxidative detoxiÞcation was assessed, the

2-ml incubationmixturecontained1mgofmicrosomal
protein suspended in 0.1 M sodium phosphate buffer,
pH 7.5, and 0.04mlmethyl cellosolve containing 0.128
�g[14C]propoxur(32,000dpm).Thereactionmixture
was fortiÞedwith anNADPH-generating system com-
posed of 1.8 �mol NADP, 1.8 �mol glucose-6-phos-
phate, and1Uofglucose-6-phosphatedehydrogenase.
WhenDEFwas used, 20 �l of an acetone solutionwas
Þrst added to a reaction vessel and allowed to dry.
Reactions were repeated in the presence and absence
of anNADPH-generating source toverifyoxidationby
microsomal monooxygenases.
Hydrolytic detoxiÞcation was assessed with the

105,000 � gMax supernatant (soluble fraction) and
pellet (microsomes) as sourcesofhydrolytic enzymes.
Enzyme preparation was accomplished as described
above with the exception of using 0.1 M sodium phos-
phate buffer, pH 7.5. To evaluate propoxur metabo-
lism catalyzed by microsomal and soluble esterases,
the 2-ml incubation mixture contained microsomal or
soluble fraction protein (1 mg) suspended in 0.1 M
sodium phosphate buffer, pH 7.5, and 0.04 ml methyl
cellosolve containing 0.128 �g [14C]propoxur (32,000
dpm).

Duplicate incubations were carried out at 30�C in a
water bath with shaking for 2 h. The reaction was
terminated by the addition of 0.2 ml of four M HCl
followed by plunging the reaction vessel in ice. Re-
actions were initiated by the addition of the enzyme
source. In all instances, boiled equivalent tissue was
used as a blank to correct for nonenzymatic propoxur
degradation which averaged 6.3 � 1.6%.
Propoxur and itsmetaboliteswereextractedbyadd-

ing 4 ml of diethyl ether to the incubate and shaking
for 10min on a rotarymixer. The shaken incubate was
centrifuged for 3 min at 500 � g and the ether phase
was removed by pipette. The extraction process was
repeated three additional times. The combined ether
extract was taken to dryness under a gentle stream of
nitrogen and resuspended in 100 �l of acetone. The
entire extractwas spotted onto a 5 by 20-cmTLCplate
along with known propoxur metabolites. The plates
were developed, and propoxur and its metabolites
were quantiÞed as described above for the in vivo
assay. Propoxur metabolism was quantiÞed by sub-
tracting the quantity of metabolites produced in the
boiled incubate (control) from the treatment. Pro-
poxurmetabolismwas expressed as pmol/2 h/mg pro-
tein. Total recovery of radioactivity was determined
by summing all radioactivity from the TLC plate and
from the aqueous fraction.
To verify cytochrome P450 monooxygenases as the

enzyme system responsible for propoxur metabolism,
an experiment was performed using increasing con-
centrations of PBO andNADPH-fortiÞedmicrosomes
as enzyme source, as described above. Final concen-
trations of PBO in the incubation tubes were 10�4,
10�5, and 10�6 M.
Protein determinations were made by the method

of Bradford (1976) using bovine serum albumin as the
standard. All enzyme assays were conducted three
times.

Statistical Analysis. Insecticide bioassay data were
analyzed by probit analysis (SAS Institute 1988).
Treatment means in the penetration study (with syn-
ergist) were compared with control values (without
synergist) by StudentÕs t-test. Inhibition of propoxur
metabolism by synergists was analyzed by analysis of
variance (ANOVA) followed by Scheffé multiple
comparison procedure when appropriate.

Results

Synergism. Treatment of adult male German cock-
roaches of the Marietta strain with the cytochrome
P450 monooxygenase inhibitor, PBO, or the esterase
inhibitor, DEF, increased propoxur toxicity by 2- and
6.8-fold, respectively (Table 1). Increased toxicity by
the synergists suggested that cytochrome P450 mono-
oxygenasesandhydrolyticenzymeswerecontributing
to the detoxiÞcation of propoxur. Furthermore, the
synergist bioassay data implicated that hydrolysis may
be a major detoxiÞcation route because greater syn-
ergism occurred with DEF.
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Cuticular Penetration of Propoxur Impacted by
Synergists. Figs. 1 and 2 summarize propoxur parti-
tioning in the presence and absence of PBO andDEF.
Propoxurpenetrated thecuticle rapidly in theabsence
of synergists (Fig. 1A). However, when cockroaches
were treated with PBO or DEF, the rate of propoxur
penetration slowedsigniÞcantly.Decreasedquantities
of propoxurwere found inside the cockroaches and in
cockroach excreta at all time points when compared
with non-synergist-treated cockroaches (Fig. 1 B and
C). Despite reduced insecticide penetration caused
by PBO and DEF, the synergists nevertheless caused
a signiÞcant increase in propoxur toxicity in bioassay
experiments indicating that theywereeffectivelypen-
etrating the cuticle and inhibiting detoxiÞcation. In
fact, veriÞcation of in vivo enzyme inhibition by the
synergists was evidenced by a signiÞcantly lower
quantity of metabolites inside the cockroaches com-
paredwith thosenot treatedwitha synergist (Fig. 2B).

In Vivo Metabolism. There were no signiÞcant dif-
ferences inmetaboliteproduction fromexternal rinses
among all treatments and at all time points (Fig. 2A).
However, metabolite production was signiÞcantly re-
ducedwithin the cockroaches (Fig. 2B) when treated
with PBO or DEF. Interestingly, both PBO and DEF
caused an equivalent reduction in metabolite produc-
tion (Fig. 2B).
Radiolabel recovery for the in vivo experiments is

summarized in Table 2. Recovery declined over time
in all treatments and was the same for propoxur and
synergist treated cockroaches 15 and 30 min after
treatment. However, recovery from DEF-and PBO-
treated cockroaches was higher than the control at 60
and 120 min.

In Vitro Metabolism. In vitro propoxur metabolism
with NADPH-fortiÞed microsomes produced at least
nine metabolites (Fig. 3). The three most abundant
putative metabolites identiÞed by cochromatography
with known standards were 2-isopropoxyphenyl N-
hydroxymethyl carbamate (Rf � 0.31), 2-hydroxy-
phenyl N-methyl carbamate (Rf � 0.29), and 2-iso-
propoxyphenyl carbamate (Rf � 0.34, Fig. 3).
Additional unidentiÞedmetaboliteswere produced in
smaller quantities. Formation of metabolites was pri-
marily NADPH-dependant. However, a low level of
propoxur metabolism was catalyzed by microsomal
esterases (Table 3). PBO inhibited NADPH-depen-
dent propoxur metabolism in a dose dependant fash-
ion (Fig. 4), implicating cytochrome P450 monooxy-
genases as the enzyme system responsible for the
metabolism. DEF also inhibited the NADPH-depen-

Fig. 1. Recovery of [14C]propoxur from adult male Ger-
man cockroaches (Marietta strain) at various times after
[14C]propoxur application. Cockroaches were treated with
acetone (control), PBO, or DEF, and subsequently treated
topicallywith [14C]propoxur (10,000 dpm; 0. 04�g) 1 h later.
Unmetabolized propoxur was separated frommetabolites by
TLC as described. (A) External rinse; (B) internal extract;
(C) fecal extract. *, value signiÞcantly different (P � 0.05)
from the control (propoxur-treated).

Table 1. LD50 of topically applied propoxur and propoxur � synergists to German cockroach adult males

Insecticide and
Synergist

n Slope � SE LD50 (95% CL)a �2 SRb

Propoxur 150 2.43 � 0.33 1.69 (1.32Ð2.13) 1.17 Ñ
Propoxur � PBO 180 3.97 � 0.58 0.83 (0.74Ð0.96) 4.15 2.03
Propoxur � DEF 120 1.44 � 0.44 0.25 (0.20Ð0.32) 4.18 6.76

a �g propoxur per insect.
b Synergist ratio, LD50 propoxur/LD50 propoxur � synergist.
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dent metabolism of propoxur (Fig. 4). However, high
concentrations of DEF were required to achieve in-
hibition. For example, at 10�3 M, PBO caused a 90%
reduction in propoxur metabolism while DEF (10�3

M) only inhibited the rate by 40%. Furthermore, even
at 10�2 M, DEF only inhibited propoxur metabolism
to 40% of the control value.
No detectable propoxurmetabolites were observed

fromsolubleenzymepreparations(cytosol).With this
enzyme preparation, the autoradiogram and respec-

tive propoxur and metabolite counts were not signif-
icantly different from boiled blanks.

Discussion

The synergists PBO andDEF had a profound effect
on the ability of propoxur to penetrate through the
cuticle of the German cockroach. The amount of
propoxur reaching the inside of the synergist-treated
cockroacheswas less than half that of cockroaches not
treated with a synergist (Figs. 1 and 2). This obser-
vation is not without precedent. Scott and Georghiou
(1985) and Bull and Pryor (1990) also provided evi-
dence that pretreatment with synergists slowed per-
methrin and fenvalerate cuticular penetration in
house ßies, respectively. Furthermore, Sun and John-
son (1972) were the Þrst to describe quasi-synergism,
an increase in insecticide toxicity due to accelerated

Fig. 2. Recovery of [14C]propoxur metabolites from
adult male German cockroaches (Marietta strain) at various
time points after [14C]propoxur application. Cockroaches
were treated with acetone (control), PBO, or DEF, and
subsequently treated topically with [14C]propoxur (10,000
dpm; 0. 04 �g) 1 h later. [14C]Metabolites were separated
from[14C]propoxurbyTLCasdescribed. (A)External rinse;
(B) internal extract; (C) fecal extract. *, value signiÞcantly
different (P � 0.05) from the control (propoxur-treated).

Table 2. Total recovery (%) of radioactivity from adult males
of the Marietta German cockroach strain after topical treatment
with [14C]propoxur

Treatment
Time (min)

15 30 60 120

Propoxur 95.6 � 1.5 89.9 � 7.2 82.6 � 0.9 61.6 � 2.7
Propoxur � PBO 95.7 � 1.2 97.8 � 2.8 97.4 � 1.9 88.9 � 2.2
Propoxur � DEF 95.8 � 3.4 89.9 � 3.2 92.4 � 3.2 84.3 � 1.8

Values are mean percentage (�SE) from three experiments, each
with duplicate determinations. Recovery at time 0 was considered
100%.

Fig. 3. Autoradiograms of TLC separations of
[14C]propoxur metabolites from in vitro metabolism exper-
iments using microsomes fortiÞed with an NADPH source
(A), microsomes fortiÞed with an NADPH source and DEF
(10�4M) (B), soluble fraction (C), andmicrosomeswithout
an NADPH source (D). Metabolite identiÞcation and Rf

values are as follows: (1) origin; (2) unknown A, 0.06; (3)
unknown B, 0.11; (4) 2-hydroxyphenylN-methyl carbamate,
0.22; (5) 2-isopropoxyphenyl N-hydroxymethyl carbamate,
0.28; (6) 2-isopropoxyphenyl carbamate, 0.32; (7) propoxur,
0.43; (8) unknown C, 0.53; (9) unknown D, 0.67; (10) 2-iso-
propoxyphenol, 0.73; (11) unknown E, 0.83.
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penetration across the cuticular barrier as opposed to
inhibition of detoxiÞcation enzymes. Although the
effect of PBOandDEFonpropoxurpenetration in the
Marietta German cockroach strain was different than
that observed by Sun and Johnson (1972), it none-
theless illustrates penetration rate changes attributed
to coapplication of chemicals.
Topical bioassay data revealed that treatment with

either synergist increased the toxicity of propoxur in
the Marietta strain of German cockroach (Table 1).
The level of propoxur tolerance was reduced 1.8-fold
when cockroaches were treated with PBO (a cyto-
chrome monooxygenase inhibitor) and 6.8-fold when
treated with DEF (an esterase inhibitor). These data
suggested that both oxidative and hydrolytic enzymes

participated in the detoxiÞcation of propoxur. Based
on the bioassay results, hydrolysis appeared to be the
primary detoxiÞcation route of propoxur in the Ger-
man cockroach because synergism was over 3-fold
greater with DEF compared with PBO. However, we
were unable to detect any propoxurmetaboliteswhen
the cytosolic fraction was used as the enzyme source.
Also, propoxur metabolism was very low by micro-
somes without an NADPH source (Table 3). Con-
versely, propoxur was readily metabolized by micro-
somal enzymes fortiÞed with NADPH, indicating
detoxiÞcation catalyzed by cytochrome P450 mono-
oxygenases. Indeed, this notion was conÞrmed by in-
hibition of propoxur metabolism (with NADPH-for-
tiÞed microsomes) by PBO, both in vivo and in vitro
(Fig. 4).
In certain cases, the in vivo degradation pathway of

an insecticidemaydiffer from that observed in in vitro
enzyme systems (Tsukamoto andCasida 1967). A sim-
ilar contradiction between bioassay and in vitro me-
tabolism data were reported by Siegfried et al. (1990).
They found that resistance to chlorpyrifos in theDurs-
ban-R strain of German cockroach was partially sup-
pressed by DEF, but, were unable to detect in vitro
metabolism of chlorpyrifos with cytosolic fractions.
However, high levels of hydrolysis were detected
against the activated product, chlorpyrifosoxon,
which explained the synergism by DEF. Additionally,
Kennaugh et al. (1993) reported a similar result with
PBO in Helicoverpa armigera (Hübner). They found
that a 20-fold resistance level toward permethrin
could be eliminated by PBO, however no evidence for
increased permethrin detoxiÞcation by cytochrome
P450 monooxygenases in the resistant strain was
found. They concluded that synergism of pyrethroid
toxicity by PBO was not necessarily an indication of
resistance due to increased detoxiÞcation by cyto-
chromes P450.
Topical bioassays in the Marietta strain of German

cockroach implied that propoxur hydrolysis was ama-
jor route of detoxiÞcation, but in vitrometabolic stud-
ies did not support these data. Siegfried and Scott
(1991) also showed that DEF synergized propoxur
toxicity in the Baygon R strain of German cockroach.
However, they identiÞed a single metabolite with an
Rf value slightly lower than o-hydroxy propoxur (2-
hydroxyphenyl N-methyl carbamate) from in vitro
assays. Further, they contended that propoxur disap-
pearance from the reaction mixture was sufÞciently
high to indicate metabolism. However, they did not

Fig. 4. Effects of increasing DEF or PBO concentrations
on propoxur metabolism by NADPH-fortiÞed microsomes
prepared from adult males of the Marietta strain of German
cockroach. Bars with different letters are signiÞcantly dif-
ferent by Scheffémultiple comparison procedure (P � 0.05).
Control activitywas 56.0� 5.2 pmol/2 h/mgprotein forDEF
treatment, and 51.4 � 2.5 pmol/2 h/mg protein for PBO
treatment.

Table 3. In vitro propoxur metabolism by various enzyme sources from the Marietta strain of German cockroach

Enzyme source
Protein

quantity, mg
NADPH DEF (10�4M)

pmol recovered asa Total
recovery, %Propoxur Metabolites

Microsomes 1 � � 365.3 � 10.4 63.7 � 4.8 85.2 � 1.6
Microsomes 1 � � 393.7 � 6.8 27.5 � 3.5 84.0 � 1.1
Microsomes 1 � � 407.1 � 7.6 1.6 � 0.9 80.9 � 1.4
Soluble fraction 1 � � 364.1 � 7.1 NDb 74.2 � 1.1

a Less than 1% of the initial dose of propoxur was recovered from the aqueous fraction after extraction with diethyl ether.
b None detected.
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indicate whether or not a boiled control was used to
discern nonenzymatic hydrolysis. Conversely, we
could not detect anymetabolites (beyond boiled con-
trols) when the cytosolic fraction was used as the
enzyme source. Also, although metabolism was de-
tected in microsomal fractions without an NADPH
source (i.e., microsomal esterases), the rate was low,
comparatively. Finally, we did not observe a signiÞ-
cantly higher loss of propoxur from the esterase frac-
tions comparedwith boiled controls. Because the rate
of metabolism was very low, we felt that using sub-
strate disappearance for quantiÞcationwas unreliable.
2-Isopropoxyphenol, an anticipatedhydrolyticmetab-
olite, is volatile, so it is possible that it was lost during
the incubation, extraction, and separation processes.
Alternatively, 2-isopropoxyphenol could have under-
gone complete decomposition as suggested by Shriv-
astava et al. (1969). However, the amount of propoxur
and its metabolites recovered from active cytosolic
and non-NADPH microsomal fractions were not dif-
ferent from the boiled controls. Hence, these data
suggest that hydrolysis of propoxur did not readily
occur in vitro. Indeed, hydrolysis has been shown to
be an unimportant reaction in the metabolism of
propoxur in the houseßy, Musca domestica L. (Shriv-
astava et al. 1969), and cabbage looper, Trichoplusia ni
(Hübner) (Kuhr 1970).
Finally, the data suggest that the esterase inhibitor,

DEF, may inhibit microsomal monooxygenases as ob-
served previously (Valles et al. 1997, Scott 1990). In
vitro inhibition of microsomal monooxygenases did
occur, albeit at fairly high DEF concentrations (Fig.
4). Furthermore, propoxur metabolism was appar-
ently inhibited equally by PBO and DEF in vivo (Fig.
4).However, these effectswere still unable to account
for the greater synergism (3-fold) by DEF in the
propoxur bioassay.
Several hypotheses could reconcile the DEF syn-

ergism of propoxur toxicity with no apparent metab-
olism by esterases (in vitro). First, as suggested by
Satoh (1987), competition for nonvital proteins may
accelerate the rate and level of insecticide reaching
the target site. For example, if such a protein had
greater afÞnity towardDEF comparedwith propoxur,
then it may be possible to achieve a greater concen-
tration of propoxur at the target site in the presence
of DEF. Second, DEF may produce an additive or
synergistic inhibition of acetylcholinesterase. How-
ever, we found that DEF did not inhibit acetylcho-
linesterase in theMarietta strainofGermancockroach
nor did DEF enhance propoxur inhibition of acetyl-
cholinesterase in vitro (data not shown). Finally,DEF
has been reported to be activatedby cytochromeP450
monooxygenases (Hur et al. 1992). The sulfoxide and
sulfonemetaboliteswere found tobepotent inhibitors
of mouse acetylcholinesterase. Hence, it is possible
that DEF was being activated in the German cock-
roach which resulted in enhanced toxicity (syner-
gism) of propoxur. However, the acetylcholinesterase
activity fromDEF-treated cockroaches (24 h)was not
signiÞcantly different from controls indicating that

DEF activation was not occurring in vivo (data not
shown).
We have shown that the addition of PBO or DEF

profoundly reduced the cuticular penetration rate of
propoxur in the German cockroach. Furthermore,
synergist bioassay data conßictedwith themetabolism
of propoxur in vitro. The use of synergists are invalu-
able tools for the study of metabolic insecticide resis-
tance mechanisms and detoxiÞcation pathways in in-
sects. However, as evidenced by the data presented
herein, caution must be exercised when using these
chemicals because unanticipated or unexplained ef-
fects are possible.
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